The dopamine system, which plays a crucial role in reward processing, is particularly vulnerable to aging. Significant losses over a normal lifespan have been reported for dopamine receptors and transporters, but very little is known about the neurofunctional consequences of this age-related dopaminergic decline. In animals, a substantial body of data indicates that dopamine activity in the midbrain is tightly associated with reward processing. In humans, although indirect evidence from pharmacological and clinical studies also supports such an association, there has been no direct demonstration of a link between midbrain dopamine and rewardrelated neural response. Moreover, there are no in vivo data for alterations in this relationship in older humans. Here, by using 6-[ 18 F]FluoroDOPA (FDOPA) positron emission tomography (PET) and event-related 3T functional magnetic resonance imaging (fMRI) in the same subjects, we directly demonstrate a link between midbrain dopamine synthesis and reward-related prefrontal activity in humans, show that healthy aging induces functional alterations in the reward system, and identify an age-related change in the direction of the relationship (from a positive to a negative correlation) between midbrain dopamine synthesis and prefrontal activity. These results indicate an age-dependent dopaminergic tuning mechanism for cortical reward processing and provide system-level information about alteration of a key neural circuit in healthy aging. Taken together, our findings provide an important characterization of the interactions between midbrain dopamine function and the reward system in healthy young humans and older subjects, and identify the changes in this regulatory circuit that accompany aging.
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aging ͉ dopamine ͉ fMRI ͉ PET ͉ reinforcement S uccessful aging has become one of the most crucial public health challenges of our time. Achieving an understanding of age-related changes in the neurobiology of key brain circuits, such as the reward system, is an integral part of rising to this challenge. Detecting, predicting, and responding to reward information are fundamental capabilities of simple life forms that have evolved in humans into complex behavioral patterns, such as learning, motivation, and appetitive and hedonic activities, which remain essential as we age. A substantial body of data in animals indicates that dopamine is closely associated with reward processing (1) (2) (3) , and that midbrain dopamine neurons send reward-related signals to postsynaptic sites, particularly the prefrontal cortex. In humans, although indirect evidence from pharmacological (4, 5) and clinical (6) (7) (8) studies also suggests a fundamental role of dopamine in reward processing, there has been no direct demonstration of a link between midbrain dopamine and reward-related neural response. Moreover, although the dopamine system is known to be particularly vulnerable to aging (9, 10) , there has been no search for alterations in this predicted relationship in older humans. Here, by using 6-[ 18 F]fluoroDOPA (FDOPA)-positron emission tomography (PET) and event-related 3T functional magnetic resonance imaging (fMRI) in the same subjects, we establish the link between midbrain presynaptic dopamine synthesis and activation of the reward circuit in humans and we identify age-related changes in the regulation of this system.
Fundamental electrophysiological experiments on nonhuman primates have demonstrated that midbrain dopamine cells fire both during anticipation of uncertain rewards and at the time of unexpected reward delivery (1, 11) . In parallel with these fundamental results, fMRI studies in healthy, young subjects have documented that distinct reward anticipation-and outcome-processing phases are associated with differential patterns of specific midbrain dopaminergic postsynaptic targets, specifically, sustained ventral striatal and transient prefrontal cortex (PFC) activity, respectively (12, 13) . Building on these findings, we investigated age-related changes in the reward system; first by determining whether projection sites of midbrain dopaminergic neurons respond differentially to the phasic midbrain dopaminergic signal and the sustained anticipatory signal in older participants, and second, by specifically testing the hypothesis that aging induces functional changes in the interactions of reward-related activity and midbrain dopaminergic function (assessed with 6-[ 18 F]FDOPA PET).
Results
To disentangle brain response to anticipation of potential monetary rewards from brain response at the time of reward outcome, we first measured the blood-oxygen-level-dependent (BOLD) signal in healthy aging (66 Ϯ 5 years old) and young subjects (25 Ϯ 3.7 years old) during presentation of ''slot machine'' stimuli (see Materials and Methods). We found that healthy aging is accompanied by both distinct and common neurofunctional characteristics within specific components of the reward system [ Fig. 1, Fig. 2 , and supporting information (SI) Table S1 ].
During reward anticipation ( Fig. 1 A) , young subjects recruited the ventral striatum, the anterior cingulate cortex, and the left intraparietal region. In contrast, older subjects recruited only the left intraparietal region and this was the sole brain area commonly activated by young and older subjects during reward anticipation (Fig. 1B) . A formal between-group interaction analysis demonstrated that the ventral striatum and the anterior cingulate cortex were specifically and significantly recruited by the group of young subjects compared with the older participants (Fig. 2 A) .
At the time of reward delivery, young subjects recruited a large, bilateral fronto-parietal network that was also present, but to a lesser extent, in older subjects (Fig. 1B and Table S2 ). A formal group-by-reward outcome analysis confirmed a more robust activation of this brain network in young subjects (Fig. 2B  Upper) . Conversely, older subjects, when compared with young adults exhibited higher BOLD response in the anterior medial PFC, the posterior cingulate cortex, and the inferior parietal cortex (Fig. 2B Lower) .
Of more primary import to our research questions, we also measured presynaptic dopamine synthesis within a subset of the fMRI cohort while subjects were in an awake, resting state with a series of 25 dynamic PET measurements acquired after injection of 8-16 millicuries (mCi) of 6-[ 18 F]FDOPA, which measures the kinetics of amino acid decarboxylase, the rate-limiting enzyme in the transformation of 3,4-dihydroxyphenylalanine (DOPA) to dopamine. After voxel-based kinetic analysis, K i was determined within a midbrain region of interest. Correlation between midbrain FDOPA uptake and reward-related BOLD signal during reward anticipation and outcome within all brain voxels was determined in each group separately with a voxelwise regression. Although no significant difference in midbrain FDOPA uptake between aging (0.0032 Ϯ 0.0006; mean Ϯ SD) and young adults (0.0029 Ϯ 0.0004) was observed (P ϭ 0.18), there was an interaction between midbrain dopamine synthesis and reward-related lateral PFC function in young versus older adults. In young subjects, midbrain FDOPA K i values correlated positively with activation of the lateral PFC, both during reward anticipation (x, y, z ϭ 42, 46, 19; Spearman's r ϭ 0.71; P ϭ 0.007) (Fig. 3A) and at the time of reward delivery (x, y, z ϭ 49, 27, 11; r ϭ 0.75; P Ͻ 0.005; x, y, z ϭ Ϫ42, 30, Ϫ8; r ϭ 0.7; P Ͻ 0.005) (Fig. 3C) , whereas in older subjects a negative correlation was found, during both reward anticipation (x, y, z ϭ 27, 27, 8; r ϭ Ϫ0.85; P ϭ 0.008; x, y, z ϭ Ϫ23, 30, 15; r ϭ Ϫ0.97; P Ͻ 0.0001) (Fig. 3B ) and outcome (x, y, z ϭ 53, 34, 8; r ϭ Ϫ0.89; P Ͻ 0.005; x, y, z ϭ Ϫ42, 34, 4; r ϭ Ϫ0.93; P Ͻ 0.001) (Fig. 3D) . The statistical significance of the observed between-groups differences in the directions of the slopes of the correlation of BOLD signal with midbrain K i was confirmed both during the anticipatory period (right lateral PFC: Fisher Z test ϭ 3.91, P Ͻ 0.0005) and at the time of the outcome (right PFC: Z ϭ 4.37, P Ͻ 0.0001; left PFC: Z ϭ 4.6, P Ͻ 0.0001).
The regional specificity of these findings was examined with a formal between-group voxelwise comparison of the BOLD/ midbrain FDOPA correlation maps for the older and younger subjects during reward anticipation and at the time of reward delivery. These analyses revealed that significant betweengroups difference in correlation was observed predominantly in the lateral PFC (Fig. 4) . These data provide direct in vivo evidence for a dopaminergic tuning mechanism of rewardrelated prefrontal function and for alteration of this tuning in aging.
Discussion
This study directly characterizes the interactions between midbrain dopamine function and the reward system, both in healthy young humans and in older subjects, and thereby identifies changes in this regulatory circuit in healthy aging. Although predicted by animal results indicating that dopamine is closely associated with reward processing (2, 3, (14) (15) (16) (17) (18) , such an association has not previously been shown directly in humans. Moreover, our multimodal imaging approach offers key insights into findings with fMRI, a technique that cannot by itself directly relate BOLD signal changes observed in the reward system with dopaminergic activity, a challenge met by our concurrent measurements of midbrain dopamine synthesis with FDOPA PET.
Although extensive investigations have been carried out on age-related neurofunctional changes in working memory and episodic memory circuits (19, 20) , the majority of previously published fMRI studies of the reward system have been restricted to young subjects. Before addressing the question of the relationship between midbrain dopamine synthesis and rewardrelated neural activity, we disentangled brain response to antic- ipation of potential monetary rewards from that at the time of reward outcome by using event-related fMRI in healthy elders and young subjects.
During reward anticipation, young subjects recruited the ventral striatum and the anterior cingulate cortex ( Fig. 1 A and Table S1 ), confirming previous reports that anticipation of reward versus nonreward activated foci in the ventral striatum in healthy young subjects (12, 21) . More importantly, this striatal activation was specific to young subjects (Fig. 2 A) . This result is in accordance with a recent report of decreased striatal activity in older subjects during reward association learning (22) , although another study (23) failed to detect age-related differences in striatal activity during reward anticipation, and did not report results at the time of rewarded outcome. The discrepancy in the results between studies may be explained by differences in experimental paradigms. Specifically, one study used a probabilistic object reversal task including learning and search components (22) , whereas the other study explored neural activity during a canonical monetary incentive delay task combining gains and losses (23) . In addition to brain regions showing age-related differences during reward anticipation, we found a single brain area, the intraparietal region (Fig. 1 A) , commonly activated by young and older individuals during anticipation, likely reflecting a common attentional effect for potentially rewarded cues.
At the time of reward delivery, both young and older subjects recruited a large bilateral fronto-parietal network (Fig. 1B) , but this network, and particularly the dorsolateral prefrontal cortex, was more robustly activated in young subjects ( Fig. 2B and Table  S2 ). This may reflect decreased neural sensitivity to salient rewards in older subjects, in agreement with cognitive studies demonstrating age-related dorsolateral PFC changes (19) . Conversely, the anterior medial PFC, part of the default mode network, was less deactivated relative to baseline in older subjects compared with young adults. Although we cannot rule out the possibility that older individuals responded to nonrewarded events more robustly than younger participants, this finding extends to the reward domain previously observed age-related changes of functional properties within regions showing deactivations (24) .
In addressing our primary research question, the relationship between midbrain dopamine synthesis and reward-related neural recruitment, we identified an age-related change in the direction of this relationship (Fig. 3) . The age-related difference in the slope of the correlation between lateral prefrontal activity and dopamine synthesis rate demonstrates that for younger subjects, those with higher basal levels of dopamine have greater BOLD activity, both during reward anticipation and at the time of rewarded outcome, whereas older subjects show the opposite pattern, with greater reward-related BOLD activity for those with lower basal dopamine levels. Thus, the impact on dorsolateral prefrontal cortex (DLPFC) activation of a given level of midbrain dopamine was opposite in young and older subjects. A plausible cellular mechanism for the between-group difference in the direction of the relationship between prefrontal function and midbrain dopamine synthesis involves the marked loss of dopamine function in the aging PFC (25, 26) , and the action of extracellular dopamine in the PFC (23, 27) . A given rate of midbrain dopamine synthesis in young and old subjects would be predicted to lead, in the elderly, to less prefrontal dopamine stimulation and to prefrontal compensation for this reduction. This compensatory mechanism may involve complex and interactive effects between the BOLD response and the reduction of dopamine receptors in the PFC of older subjects (25, 26, (28) (29) (30) . The opposing correlational results observed in young and older subjects are consistent with the well established inverted Ushaped relationship between dopaminergic activity and prefrontal function in which either reduced or excessive PFC dopamine The graphs show parameter estimates in these two brain regions in young and old subjects. The glass brain indicates that the ventral striatum and anterior cingulate cortex are the only two brain regions more activated in young subjects during reward anticipation. (B) Group-by-reward outcome interaction showing that young subjects activate the dorsolateral prefrontal and parietal cortices more robustly, whereas older subjects deactivated the medial PFC less than young subjects. Graphs show the parameter estimates in the right dorsolateral PFC and anterior medial PFC in young and old subjects.
receptor stimulation leads to suboptimal PFC function and where aged individuals have been posited to reside on the left limb of the curve where dopamine receptor stimulation is reduced (27, (31) (32) (33) (34) .
Several points concerning our multimodal approach should be made. First, because FDOPA uptake was assessed during a 90-min resting state, this measure presumably reflects a basal dopamine synthesis rate rather than dynamic variation of dopamine synthesis in response to the different stages of the reward paradigm. Thus, our findings likely reflect a primary role for tonic dopaminergic modulation of reward-related PFC activity (35) . Second, comparing healthy elderly and healthy young control subjects, we found no between-group difference in midbrain dopamine synthesis, in accordance with several previous studies (36) . It should also be noted that the resolution of the PET technique did not allow us to distinguish between ventral tegmental area and nigral dopamine neurons in the midbrain. Third, although FDOPA is primarily taken up and metabolized in dopamine neurons, a considerably lesser degree of FDOPA metabolism is also possible within serotonin and noradrenalin neurons (37) . However, because of the predominance of FDOPA uptake in dopaminergic neurons, particularly in the midbrain, together with basic research documenting that the activity of midbrain dopamine neurons is the prime modulator of the reward system and the prefrontal cortex in particular (38), we believe that our results likely predominantly reflect dopaminergic regulation. Fourth, although correlational measures do not imply causality, our multimodal approach provides systemlevel information that reflects the mechanism of midbrainprefrontal functional circuitry.
Finally, several special considerations concerning fMRI studies in aging deserve comment. The first consideration is that normal aging can affect the cerebrovascular system, which in turn affects the neurovascular coupling that is the basis of the BOLD signal (39) . Thus, main effects of age in fMRI could be due to age differences in the coupling between neural activation and the BOLD signal rather than true age differences in neural activity. One way to mitigate this problem is the within-subject, across-event-types design and analysis adopted here, specifically first assessing within-group differences in task-related activity followed by tests of group-by-task interactions (40) (41) (42) (43) . We also minimized this concern by studying only individuals who were healthy, were receiving no medications, and had no signs of pathology on structural MRI. Second, older adults sometimes respond to cognitive activation paradigms with a smaller dynamic range of BOLD signal than do younger subjects; this was not the case in the brain regions showing group-by taskinteractions in our study (Fig. 2) . Third, although normal aging between-group voxelwise comparisons of the correlation maps revealed that the slopes of the correlations in young subjects were significantly greater than those in older subjects (in whom the correlations were negative; see Fig. 3 ) in the lateral PFC. (B) At the time of reward outcome, between-group voxelwise comparisons of the correlation maps showed that the slopes of the correlations in young subjects were significantly greater than the negative correlation in older subjects (see Fig. 3 ) in the bilateral PFC and left temporoparietal junction.
has been associated with a lag in the time-to-peak of the BOLD response, the overall shape of the BOLD response does not change with age (44, 45) . Another potential confound is that brain volume is affected by aging, which could have influenced our PET data through partial volume effects. Our processing procedures, which include spatial normalization followed by voxelwise mapping, minimize these effects, as also seen in the largest FDOPA PET study to date (46) . Future work will be necessary to evaluate whether additional measures to reduce partial volume effects might be beneficial in such multimodal experiments. Our work offers important insights into the neurobiology of the reward system in healthy aging, pinpointing alterations across the adult lifespan and demonstrating the relationship of this functional circuit with midbrain dopamine. These findings may prompt further experiments in the identified circuit and may lead to studies of mechanistically targeted therapeutic interventions involving the dopamine system in individuals for whom, unlike our cohort, the neural aging process has not been successful. Our results are also relevant to several lines of investigation in clinical neuroscience because of the fundamental role of the dopaminergic reward system in key behavioral processes, because of the theoretical import of the findings (e.g., tuning mechanisms, dopaminergic influence on computational property of neural networks), and because of their potential clinical implications for dysfunctions of the dopaminergic system and pathologies of reward processing (e.g., parkinsonism, schizophrenia, drug addiction, and pathological gambling).
In summary, we directly demonstrate a tight coupling of midbrain dopamine synthesis and reward-related PFC activity, and provide direct evidence for an alteration of this regulatory relationship in older humans. Our multimodal neuroimaging approach, together with strong hypotheses derived from animal studies, provides mechanistic information about reward-related neural processing and its alteration in healthy aging.
Materials and Methods
Subjects. Subjects provided written, informed consent as approved by the National Institute of Mental Health Institutional Review Board and the Radiation Safety Committee. First, we used an event-related fMRI paradigm designed to disentangle the brain regions activated in anticipation of potential monetary rewards from those responding at the time of rewarded outcome. Thirty-three healthy volunteers, 13 aging subjects (mean age ϭ 66 Ϯ 5 years, 6 women), and 20 young subjects (mean age ϭ 25 Ϯ 3.7 years, 10 women) were scanned during presentation of slot machine-type stimuli that systematically varied reward probability and magnitude (12, 13) . We also used the tracer 6-[ 18 F]FDOPA PET to measure the basal dopamine synthesis rate in 21 of the fMRI participants, 13 young (24.5 Ϯ 3 years, 5 women) and 8 older subjects (65 Ϯ 5 years, 2 females). The inclusion criteria were as follows: no central nervous system (CNS)-active medication or illicit drugs and no regular consumption of nicotine or alcohol. No subject had a history of gambling and all were free of past and present neurologic and psychiatric diseases as determined by normal medical history, physical examination, laboratory tests, and structured psychiatric diagnostic interview. All participants were additionally screened with structural MRI scans and were found to be free of brain abnormalities, including those common in older controls, such as atrophy and microvascular changes. The younger women were menstruating regularly and were randomly selected and distributed with regard to menstrual cycle phase. The older women were postmenopausal and had not received hormone replacement therapy for at least 5 years before the study. Subjects were paid for participating and earned extra money for performing the fMRI reward task described below. Subjects were told that they would earn a percentage of each of the $10/$20 bills presented on the screen, but were not told the exact percentage. fMRI Methods. Experimental paradigm. Subjects viewed stimuli representing ''slot machines'' projected on a screen (13) . Experimental trials were divided into two phases, reward anticipation and outcome. During reward anticipation, a slot machine was presented on the screen and the words: ''Chance to win $XX'' (where XX stands for $0, $10, and $20) remained visible on top of each slot machine with a pie chart displaying in red the probability of winning the indicated amount of money and in white the probability of receiving nothing. There were four slot machines (A, B, C, or D) designed to vary reward probability, magnitude, and expected reward value (reward probability⅐magnitude): Slot A: P ϭ 1/4, $20; P ϭ 3/4, $0; Slot B: P ϭ 1/2, $20; P ϭ 1/2, $0; Slot C: P ϭ 1/2, $10; P ϭ 1/2, $0; Slot D: P ϭ 1, $0 (sure to get no reward).
During the delay phase, spinners from the slot machines rotated successively before stopping on a fixed image that was displayed until the end of the trial. The delay duration was fixed (15 s). During the outcome phase (2 s), pictures of ''$10'' and ''$20'' bills or ''$0'' were projected for 2 s, the former two surrounded, respectively, by a small and a large stack of gold pieces to visually reinforce the experience of distinct reward magnitudes. To equalize visual similarity between stimuli, the ''$0'' outcome was presented in a gray rectangle having the same dimensions as the bills. The intertrial interval between slot machines varied between 4 s and 16.5 s with a geometric distribution of mean ϭ 6.8 s.
Subjects indicated which slot machine was presented by pressing a specific response button on a diamond-shaped four-response button device at the time of slot presentation and again at the time of the outcome (regardless of winning or not). The association between each slot machine and a specific response button was learned during a training session before scanning. These motor responses ensured that subjects were attending to the specific types of slot machines as well as their outcomes and enabled us to keep the motor component equal between slot presentation and outcome. Importantly, the stimulus presentation was not contingent on the subject's response. There were a total of six runs, each consisting of 16 trials (four trials for each type of slot machine). Each of the four possible slot machines occurred pseudorandomly during each run. The exact probability of each potential outcome was reached at the end of each run for each slot machine. The order of the runs was randomized between subjects. fMRI data acquisition. Imaging was conducted on a Image analysis. Data were analyzed by using Statistical Parametric Mapping (SPM99). Preprocessing included slice timing and motion correction, coregistration to a standard template, alignment to the first volume for each subject, and spatial normalization to the Montreal Neurological Institute (MNI) T1-weighted template image. The data were then smoothed with a 10-mm FWHM Gaussian kernel. Head motion did not exceed 1.5 mm in any direction.
The BOLD response to each event type was modeled as a delta function at the appearance of the stimulus cue (1 s) and at the outcome (2 s), and as a rectangular pulse during the presence of the slot machine on the screen (15 s), and was convolved with a canonical hemodynamic response function. Withinsubject time series modeling accounted for the following 15 regressors: four at the time of appearance of the slot machine (one for each stimulus type), four during the delay, and seven regressors at the outcome (rewarded vs. nonrewarded ϫ 3, plus 100% chance of no reward). In the current analyses, only the anticipatory (delay) and outcome phases were assessed with two comparisons:
(1) Anticipation of potential rewards (DelaySlotA ϩ DelaySlotB ϩ DelaySlotC)/ 3 Ͼ DelaySlotD); (2) Response at the time of rewarded outcome relative to no reward delivery: ($20SlotA ϩ $20SlotB ϩ $10SlotC)/3 Ͼ $0SlotD.
The default high-pass filter was applied to the time series. Conditionspecific estimates of neural activity (betas) were computed independently at each voxel for each subject with the general linear model. We used randomeffects models for within-and between-group analyses, and because of the strong a priori information and hypotheses about reward-related activity in the ventral striatum, prefrontal cortex, and anterior cingulate cortex, we set a threshold of P Ͻ 0.005, uncorrected. Brain regions outside the reward system are reported in the tables for completeness and to provide reference for future work in this domain.
PET Methods. Data acquisition procedures and image data processing. We used the tracer 6-[ 18 F]FDOPA and scanned on a GE Advance 3D PET camera (32 planes, 6.5 mm FWHM). Uptake of labeled FDOPA was measured while subjects were in an awake, resting state after pretreatment with 200 mg of carbidopa (to reduce peripheral metabolism of FDOPA and increase tracer availability in the brain) with 25 images acquired over 90 min starting 90 s after injection of 8 -16 mCi of FDOPA. PET data were attenuation-corrected, registered, and affinenormalized to an FDOPA template. The kinetic rate constant K i for FDOPA uptake was calculated voxel-by-voxel using a linear fit based on the Patlak method (47), with a time activity curve in an occipital reference region as the input function. Both occipital and cerebellar reference regions are commonly used in FDOPA PET imaging. Here, we chose an occipital area because it is less susceptible to variation in head positioning in the scanner (46) . Finally, FDOPA data were averaged within a midbrain template derived in normalized space from a publicly available probabilistic brain atlas (34) .
Statistical analysis. To test the hypothesis that prefrontal function was coupled to midbrain dopamine synthesis, midbrain K i values were used as covariates and correlated separately for each group with BOLD signal during reward anticipation and at the time of reward delivery across the entire brain (voxelwise regression analysis). The resulting correlation maps were assessed for significance by using Gaussian random fields theory (P Ͻ 0.005, uncorrected). Between-group voxelwise comparisons of the correlation maps of the older and younger subjects were also performed during reward anticipation and at the time of reward delivery to assess the regional specificity of our findings in the lateral PFC.
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